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RÉSUMÉ 
Les toitures hydrologiques sont caractérisées par deux processus hydrologiques principaux : la 
rétention d’eau et le laminage des débits. La rétention peut être d’un intérêt moindre quand la capacité 
limite de la toiture est atteinte durant des événements pluvieux conséquents ou fréquents. 
L’écrêtement des débits est quant à lui bénéfique pour la gestion des eaux pluviales pour tous les 
événements pluvieux. Plusieurs méthodes ont été développées pour modeler ce processus de 
laminage et l’une d’elles est l’utilisation d’un modèle de reservoir routing. Cette méthode utilise des 
paramètres calibrés sans lien direct avec les caractéristiques physiques de la toiture végétalisée. 
Cette étudie utilise la technique de microtomographie à rayons X pour observer la structure interne de 
la couche de substrat des toitures et détermine les propriétés physiques suivantes : la porosité, la 
sinuosité et la conductivité hydraulique. Les valeurs de ces propriétés seront comparées au paramètre 
k du reservoir routing, lui-même décrivant la capacité à écrêter les débits (les faibles valeurs de k 
représentent les meilleures performances d’écrêtement). Le résultat est le suivant : les substrats avec 
un faible paramètre k (c’est-à-dire une grande performance) présentent une grande sinuosité et une 
faible conductivité hydraulique, comparés aux substrats avec des valeurs de k plus grandes. La 
compréhension approfondie des relations entre les paramètres des modèles et les propriétés 
physiques des toitures végétalisées permettra des prédictions plus sûres des paramètres à partir des 
caractéristiques physiques. 
ABSTRACT 
There are two main hydrological process in green roofs; retention and detention. Retention processes 
have a finite limit as the retention capacity is reached during heavy or frequent rainfall events. 
However, detention processes will always occur and will provide stormwater management benefits at 
all times. Several methods have been developed to model these detention processes and one 
approach is the use of a reservoir routing technique. Such a method use calibrated parameters which 
have no direct link to the physical characteristics of the green roof. This study uses X-Ray 
Microtomography to observe the internal structure of green roof substrates and determine the 
following physical properties: porosity; tortuosity; and hydraulic conductivity. These property values are 
compared to the reservoir routing parameter k which is itself a descriptor of detention performance 
(low k values represent higher detention performance). It was found that a substrate with a lower value 
of k (higher detention performance) exhibited a high value of tortuosity and low hydraulic conductivity 
when compared to a substrate with a higher associated k value. This developing understanding of the 
relationships between model parameters and green roof physical properties will enable more confident 
predictions of model parameters from observable physical characteristics. 
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1 INTRODUCTION 
There are two main hydrological process in green roofs. The first is retention (the permanent removal 
of rainfall) and the second is detention (the transient storage of rainfall as it passes through the roof 
layers). Retention processes have a finite limit as the retention capacity is reached during heavy or 
frequent rainfall events. However, detention processes will always occur and will provide stormwater 
management benefits at all times. Detention performance can be characterised in many ways (see 
Stovin et al. 2015a) and similarly many different approaches have been taken in modelling these 
detention processes. One method that can be employed is a simple reservoir routing technique 
(Jarrett et al., 2008; Kasmin et al. 2010). This simple reservoir routing technique has been further 
developed and validated, with Stovin et al. (2015b) proposing that the parameters be used as 
universal detention metrics which exclude the effects of retention processes.  
These simple reservoir routing type models use calibrated parameters which have no direct link to the 
physical characteristics of the green roof. In their exploration of the relationship between the routing 
parameters, different modelling approaches and substrate properties, Yio et al (2013) identified a need 
for linkages between substrate physical properties and the model parameter values. Stovin et al. 
(2015a) echoed this requirement, further highlighting the importance of substrate/root/moisture 
interactions on the control of detention performance. 
The parameter k is one of the two reservoir routing parameters in the head discharge equation: 
 
in which Qoutt is the outflow from the system, k and n are the reservoir routing parameters (scale and 
exponent respectively) and h is the current system storage depth. For h in mm and Q in mm/min, k 
has the units mm(1-n)/min, whilst n is dimensionless. As k is simply a scaling factor, the larger the value 
of k the faster the system outflow will be; this represents a reduced detention performance.  
Faster system outflows are expected to be associated with increased hydraulic conductivity (as rainfall 
travels faster through the medium) and reduced tortuosity (rainfall has shorter travel paths through the 
medium). Therefore, improved detention performance (lower values of k) should be seen in substrates 
with low hydraulic conductivity and/or high tortuosity. This study aims to quantify the physical 
differences in substrate properties as identified by using x-ray microtomography for two substrate 
types which have been shown to have differing levels of detention performance. The overall objective 
is to increase the confidence in model parameter prediction from experimentally derived physical 
properties. 
2 METHODS 
2.1 Substrates 
Work by Stovin et al. (2015a) on the effects of green roof configuration found that the substrate type 
led to greater performance variation than the installed vegetation. Therefore, the two contrasting 
substrate types evaluated as part of the Stovin et al. (2015a) study will be evaluated here. The first 
type is a crushed brick based substrate (BBS), a common green roof growing media. The second is 
based on a lightweight expanded clay aggregate (LECA). Both substrates conform to the FLL (2008) 
guidelines for green roof substrates. However, a brick based substrate has been seen to provide 
greater detention performance (through reduced k values) compared with the LECA based substrate. 
2.2 Generating model parameter k 
A series of 9 green roof test beds outfitted with the above two substrates were used to collect rainfall 
and runoff data over a period of 4 years (a full description of this facility can be found in Stovin et al. 
2015a). The rainfall and runoff data were then used to generate optimised values of k for each test 
bed during every rainfall event. Median values of k have been used to describe the typical detention 
performance of each test bed. Due to the heterogeneous nature of green roof substrates these values 
have been used to form a range of k values for comparison with physical property values. 
2.3 X-Ray Microtomography imaging of substrate cores 
X-ray microtomography (XMT) is a non-destructive 3D computed tomography (CT) imaging approach, 
which is widely used for the visualisation and quantification of an object’s internal structure. High 
resolution images are obtained by passing X-rays from a suitable source, through the object to be 
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imaged and onto a CCD detector. Typical achievable resolutions range from <1 µm to >150 µm 
depending on sample size and machine type. XMT allows for the determination of internal substrate 
properties that cannot otherwise be determined without prior disturbance. XMT techniques therefore 
enable the capture of an accurate picture of in-situ green roof substrate properties. 
From each substrate type, 3 cores were taken (46 mm diameter, 70 mm height). The substrate cores 
were imaged using a General Electric v|tome|x M CT scanner at the University of Nottingham’s 
Hounsfield Facility. Each core was scanned at a resolution of 30 µm and took approximately 30 
minutes to complete, with each scan producing 15 GB of image data. 
2.4 Image analysis of XMT data 
Images were pre-processed in Image J to remove areas not of interest. These pre-processed images 
were then reconstructed into a 3D volume using Avizo 9.0.1 image analysis software. The 3D volumes 
were filtered to remove noise and segmented to identify solid particles, effective pore space (inter 
particle spaces) and ineffective pore space (intra particle spaces). Using automated routines within 
Avizo the following physical properties can be determined: effective porosity; ineffective porosity; 
particle sizes; and pore sizes. Further determination of physical properties was carried out using 
DigiUtlility and DigiFlow. DigiUtility was used to determine tortuosity values and prepare the images for 
Lattice Boltzman (LBM) simulation. LBM is a class of computational fluid dynamics (CFD) which allows 
for the determination of flows through complex geometries with a reduced computational overhead 
compared to traditional CFD techniques. The LBM simulations were undertaken using DigiFlow and 
allowed for the determination of hydraulic conductivity values. 
3 RESULTS & DISCUSSION 
Figure 1 shows the typical output of the XMT process before the undertaking of any further image 
analysis. It can be clearly seen that the two substrate types are greatly different in their composition. 
The brick based substrate contains more angular particles of varied sizes compared to the more 
rounded uniformly sized particles of the LECA based substrate. The xy slices highlight the denser 
packing of the brick based substrate particles compared to the more open structure of the LECA 
based substrate.  
  
Figure 1. Examples of XMT Images in the xy (plan) axes. Sample M2110 is the brick based substrate. Sample 
M1028 is the LECA based substrate. 
3.1 Comparison of observed substrate property values 
The laboratory and XMT physical property values are mostly in agreement (Figure 2). In particular, the 
XMT derived hydraulic conductivity values are well within the laboratory derived range for the brick 
based substrate. However, the XMT porosity values of both substrates are consistently lower than 
those derived in the laboratory. This is due to XMT images being at a 30 µm resolution which prevents 
the identification of pores smaller than this limit. Nonetheless, the relationship in porosity values (being 
higher in LECA than BBS) is the same as that of the laboratory derived porosity and so the XMT 
values can be seen to be indicative of the relationship between porosity and k. 
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3.2 Relationship between k and determined substrate property values 
Figure 2 shows the relationship between the three observed XMT physical properties and the 
associated value range of k for both substrate types. The y-axis of each property has been 
appropriately scaled to fit the data. The tortuosity axis is plotted in reverse to highlight the reverse 
nature of the relationship expected between tortuosity and k. A reduced value of k (improved detention 
performance) can be seen to be associated with slightly lower porosity, higher tortuosity and reduced 
hydraulic conductivity values.  
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Figure 2. Comparison of model parameter k with other key hydrological properties. K is hydraulic conductivity, T 
is tortuosity and ɸ is porosity. Solid filled areas are XMT results. Hatch filled areas are laboratory results. Circles 
indicate mean values.  
4 CONCLUSION 
It has been demonstrated that improved detention performance (as identified through a reservoir 
routing parameter k) is associated with an increased level of substrate tortuosity and/or reduced levels 
of hydraulic conductivity. With further exploration of additional properties such as particle and pore 
size distributions a clearer picture of any relationships between model parameters and physical 
properties can be determined. This improved understanding will enable more confident predictions of 
model parameters from observable physical characteristics. 
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